Desorption/ionization on porous silicon-mass spectrometry (DIOS-MS) is a novel soft ionization MS technique that does not require any matrix reagent, ideally resulting in fewer obstructive peaks in the lower mass region. In this study, the etching conditions of porous silicon spots as an ionization platform of DIOS-MS were investigated for determining the molecular weight distribution (MWD) of polymers. To evaluate the accuracy of DIOS mass spectra observed using porous silicon spots prepared under various etching conditions, a certified polystyrene (PS) standard sample with an average molecular weight of ca. 2400 was used as a model sample. By optimizing the etching conditions, the MWD of the PS sample could be accurately observed by DIOS-MS using both p-type and n-type porous silicon spots. Especially, in the case of a suitable n-type spot, an accurate peak distribution with very fewer obstructive background peaks could be observed using the minimum laser power, comparable to the conventional matrix-assisted laser desorption/ionizationmass spectrometry (MALDI-MS).
Introduction
In the field of polymer characterization, the determination of the absolute molecular weight distribution (MWD) using a soft ionization mass spectrometry (MS) has been a focus of considerable research interest. 1 Of the various soft ionization MS techniques, matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) has rapidly become a powerful tool in the direct measurement of the absolute MWD of synthetic polymers. 2, 3 As a result of a number of studies concerning the accuracy of MALDI-MS, many researchers in this field have come to agree that MALDI-MS can accurately determine the MWD of synthetic polymers, provided the polymers have a narrow MWD (typically, polydispersity index (PDI) < 1.1). [4] [5] [6] [7] The accuracy of MALDI-MS for determining a narrow MWD was further confirmed by means of an interlaboratory comparison sponsored by the National Institute of Standards and Technology (NIST). 8 However, MALDI-MS has several disadvantages, caused by the use of a matrix reagent. The choice of a suitable matrix reagent and a cationization salt, depending on the polymer sample, has often been carried out by trial and error. Furthermore, strong background peaks originating from the matrix reagent and/or cationization salt interfere with the MALDI mass spectra in the lower mass range (typically under m/z 500, but sometimes over several thousand). The latter disadvantage frequently becomes a serious problem in the characterization of lower molecular weight polymers.
Recently, a novel soft ionization MS technique using porous silicon as an ionization platform has been developed, called "desorption/ionization on porous silicon-mass spectrometry" (DIOS-MS). 9 Because DIOS mass spectra can be obtained by the irradiation of pulsed UV-laser shots on an analyte deposited onto a porous silicon surface without using any matrix reagent, obstructive peaks in the lower mass region are ideally not produced. Therefore, one might expect it to be a more effective method for the characterization of oligomeric polymers. Although the application fields of DIOS-MS are chiefly focused on biomaterials, 9-14 several studies have been reported on the measurement of synthetic polymers (oligomers).
10,14-17 Thomas et al. have demonstrated the potential of DIOS-MS for the characterization of surfactants (nonoxynol-9 and octoxynol-9) as an application in forensics. 15 Another application of DIOS-MS for polymer characterization has been reported for the analysis of low-molecular-weight polymers, such as poly(ethylene glycol) (PEG), PEG-base surfactants, poly(methyl methacrylate) (PMMA), 16 and polyesters. 17 The relationship between the structure of porous silicon controlled by the etching conditions and the observed DIOS mass spectra has been studied. Shen et al. have reported that the structure and physicochemical properties of the porous silicon surface are crucial to the DIOS-MS performance. 10 In their report, the effects of various etching condition parameters, such as the etching current density, etching time, light illumination intensity, etc., on the observed DIOS mass spectra were examined in detail. Okuno et al. also studied the optimal etching conditions for DIOS chips in order to characterize synthetic polymers. 16 In these reports, the judgment on the optimal etching conditions was mainly based on the quality of the mass spectra (background noise peak level), sensitivity (signal-to-noise ratio), and reproducibility. However, these reports did not consider the accuracy of MWD by DIOS-MS.
Originally, the accuracy of determination of MWD by soft ionization MS techniques, including MALDI-MS, has been difficult to assess due to a lack of reliable polymer standards for accurately known MWD based on individual oligomer compositions. However, a monodispersed polystyrene (PS) reference material, whose MWD for each constituent oligomer is certified under the international system of units (SI) traceable high-quality system, has recently been developed by the National Metrology Institute of Japan (NMIJ) of National Institute of Advanced Industrial Science and Technology (AIST). 18 In this study, the relationship between the etching conditions and the observed MWD based on the individual oligomer composition was investigated using the certified PS standard with a molecular weight of ca. 2400 as a model sample.
Experimental

Sample
The polystyrene (PS) sample used in this study was a certified reference material (NMIJ CRM 5001-a Polystyrene 2400) developed by AIST. 18 The chemical structure is ideally α-butyl-ω-hydro PS synthesized through anionic polymerization. The individual oligomer composition, average molecular weight, and polydispersity index are certified: degree of polymerization (n) ranging n = 9 -40 with a maximum at n = 21; weightaverage molecular weight (Mw), 2423 ± 20; number-average molecular weight (Mn), 2307 ± 18; and polydispersity (Mw/Mn), 1.050 ± 0.016; respectively. Each certified oligomer composition, which was determined by supercritical fluid chromatography (SFC), are plotted in later figures.
Preparation of DIOS spots
Porous silicon spots (DIOS spots) were prepared using an electrochemical etching apparatus made in our laboratory. This apparatus can produce individual DIOS spots with ca. 3 mm in diameter under different etching conditions on the same silicon wafer (30 × 30 mm). Two types of silicon wafer, p-type (borondoped; resistively, 0.01 -0.02 Ω cm; crystal orientation, 100; thickness, 0.5 mm) and n-type (phosphorus-doped; resistivity, 0.01 -0.02 Ω cm; crystal orientation, 100; thickness, 0.1 mm) were etched electrolytically under constant current anodization in an electrochemical Teflon cell of an apparatus filled with ethanol/HF (55%) = 1/1 (v/v). The etching conditions to be investigated were decided while referring to previous reports, 9, 10, 13 and based on a preliminary test through a DIOS-MS measurement of Angiotensin-I (molecular weight: 1296.5) and the PS sample. Consequently, the real etching conditions of p-type DIOS spots were investigated, while focusing on the etching time, ranging from 15 -70 s, at a constant current density of 4 mA/cm 2 . On the other hand, since the preparation of n-type DIOS spots should be performed under light illumination, not only the etching time, but also the light intensity were varied over the range of 30 -150 s at a constant current density of 8 mA/cm 2 under a light intensity of 1.0 -3.5 mW/cm 2 using a 200 W mercury-xenon lamp (Hamamatsu Photonics Photocure 200, Hamamatsu, Japan). The surface and layer morphologies of the DIOS spots were characterized by a Hitachi (Tokyo, Japan) S-4500 field emission scanning electron microscope (FE-SEM) with point-to-point resolution of 1.5 nm at an accelerating voltage of 10 or 15 kV.
DIOS-MS measurements
The PS sample was dissolved in chloroform to a concentration of 0.1 mg/mL. To form silver adduct ions of the analyte [M+Ag] + , silver trifluoroacetate (AgTFA) was used as a cationization salt. AgTFA was dissolved in tetrahydrofuran (THF) to a concentration of 0.1 mg/mL. Solutions of sample and AgTFA were mixed at a ratio of 2/1 (v/v) in a small glass tube, and 0.7 µL of the mixture was spotted onto the DIOS spot and dried in air. A silicon wafer with the DIOS spots was then mounted onto a standard MALDI plate using adhesive tape. DIOS-MS measurements were performed by basically the same operation as for general MALDI-MS measurements on a Voyager DE-PRO time-of-flight mass spectrometer (Applied Biosystems, Framingham, MA, USA) equipped with a pulsed nitrogen laser (λ = 337 nm, 3 ns pulse width, and 3 Hz frequency) and a delayed extraction ion source. Ions generated by laser desorption were introduced into the flight tube at an acceleration voltage of 25 kV for the linear (1.4 m flight path) positive ion mode. The laser beam intensity measured using a J9LP energy sensor (Coherent Inc., Santa Clara, CA, USA) was set up to just above the threshold for analyte ionization. All mass spectra were collected by averaging 500 individual laser shots.
MALDI-MS measurements
To compare with DIOS-MS, MALDI-MS measurement was also performed. The THF solutions of dithranol (Sigma, St. Louis, MO, USA, 10 mg/mL) as a matrix reagent, the AgTFA solution (1.0 mg/ml), and the PS sample solution (0.1 mg/mL) were mixed to a ratio of 4:1:1 (v/v) in a small glass tube. Then, 1.0 µL of the mixture was spotted onto the MALDI sample plate and dried in air. The measurement apparatus and the conditions were basically the same as those used in DIOS-MS.
Results
p-Type DIOS spot
In the case of p-Type DIOS spot etching, the current density and etching time would affect the performance of the resulting porous structure of the DIOS spots. Based on a preliminary examination, the etching conditions were decided; the current density was fixed at 4 mA/cm 2 , and the etching time was examined in the range of 15 -70 s. At a higher current density, a very short etching time (less than 15 s) was needed, while at a lower current density, insufficient DIOS spots were prepared, even if the etching time was elongated. These conditions were considerably milder than those applied in the first DIOS report (37 mA/cm 2 and 3 h). 9 The surface and section of the DIOS spots etched on the ptype silicon wafer were observed by FE-SEM. On the surface, many mesosize holes with the diameter of ca. 15 -20 nm could be observed. The pore diameter was only little varied with an increased etching time. Figure 1 shows an SEM image of the section of the DIOS spot prepared at an etching time of 50 s as an example. The porous layer thickness of this spot was estimated to be ca. 460 nm. The layer thickness linearly increased with the increasing etching time at a rate of ca. 9 nm/s after an etching time of 10 s, as shown in Fig. 2 . This result suggests that the etching of the silicon wafer proceeded with almost constant rate. Figure 3 compares MALDI (a) and DIOS (b) mass spectra of the PS sample. The p-type DIOS spot used here was prepared at an etching time of 50 s, and the resulting layer thickness was ca. 460 nm.
Both mass spectra showed similar peak distributions of silver-cationized PS molecules [M+Ag] + with a maximum at around degrees of polymerization n = 21. However, in the MALDI mass spectra (Fig. 3a) , weak satellite peaks were also observed due to an adduct with matrix fragments. Furthermore, many background peaks were visible, mainly due to clusters of the matrix molecules and silver atoms interfering in the lower mass region of under m/z 2000. Consequently, it was difficult to accurately determine the intensities of the peak at n < 17, especially the peaks at n < 11 were not detectable. These cluster peaks were frequently observed when the mixture of dithranol and silver salt solutions was permitted to stand for some time (typically more than 10 min) before a sample measurement. Therefore, careful sample preparation should be required for PS analysis by MALDI-MS. On the other hand, in the DIOS mass spectrum (Fig. 3b) , the MWD is clearly observed over the whole range, including lower molecular weight oligomers at n < 11, free from background peaks.
Prior to investigating the performance of DIOS spots prepared by various etching conditions, basic settings of the TOF-MS instrument were preliminary optimized for the mass range m/z 1000 -4000. Most of instrument settings, such as the delay time, grid voltage, and acceleration voltage, were adjusted through the MALDI-MS measurement for the PS sample. However, the laser beam intensity should be adjusted depending on the DIOS spot. For example, the threshold for the p-type DIOS spot with an etching time of 50 s was ca. 15 µJ/cm 2 , which was about three-times as strong as the case of the MALDI-MS measurement. We experimentally confirmed that the laser beam intensity hardly affected the observed MWD by DIOS-MS, provided that the intensity was within ca. 1.1-times the threshold.
Therefore, similarly to the MALDI-MS measurement, in the following experiments the laser beam intensity was set up to just above the threshold. Figure 4 shows the apparent MWDs observed using various ptype DIOS spots prepared by different etching times, together with the certified MWD as a function of the degree of polymerization (DP). Here, each oligomer composition was normalized and plotted based on the peak area observed on the DIOS mass spectra.
By comparing with the certified distribution, the accuracy of the observed MWD by DIOS-MS could be evaluated in detail. The MWD observed for the p-type DIOS spot etched by the mildest condition with an etching time of 15 s apparently shifted to a lower DP than that of the certified distribution.
This phenomenon, known as "low mass discrimination", suggests that the porous silicon structure of this spot could not adapt to the ionization of higher mass oligomers. With increasing etching time, the observed MWD gradually shifted to a higher DP, as shown for a spot with an etching time of 30 s. Ultimately, the MWD using a spot with an etching time of 50 s closely matches the certified MWD. Furthermore, the best results for the reproducibility and the signal-to-noise (S/N) ratio (ca. 2000 for PS 21-mer) were also obtained for this DIOS spot. However, in the cases of a further etched spot with an etching time of 70 s, the observed MWD shifted to a lower molecular weight region due to low mass discrimination arising 487 ANALYTICAL SCIENCES MAY 2005, VOL. 21 Fig. 2 Relationship between the etching time and the layer thickness of p-type DIOS spots.
Fig. 3 Mass spectra of a PS sample observed by MALDI-MS (a) and DIOS-MS using p-type DIOS spots (b).
again. Furthermore, the reproducibility and S/N ratio were also lowered.
n-Type DIOS spot
Unlike with the p-type DIOS spots, the formation of n-type DIOS spots requires light illumination during electrochemical etching. Therefore, the light illumination intensity should be taken into consideration along with the current density and etching time.
Based on the results of the preliminary examination, the etching parameters of n-type DIOS spots were examined for an etching time in the range of 30 -150 s under a light illumination intensity in the range of 1.0 -3.5 mW/cm 2 at a current density fixed at 8 mA/cm 2 . These conditions were slightly more moderate than in previous studies. 10, 13 Figure 5 shows a sectional view of the layer structure of an ntype DIOS spot prepared at an etching time of 90 s under a light illumination intensity of 2.2 mW/cm 2 . The morphology of the pore structure is dendritic shape with a layer thickness of ca. 2.5 µm. At a light illumination intensity of 2.2 mW/cm 2 , the etching progressed at a constant rate of ca. 23 nm/s, with the layer thickness reaching ca. 3.5 µm at an etching time of 150 s. Figure 6 shows the observed MWDs by using the n-type DIOS spots prepared under a light illumination intensity of 2.2 mW/cm 2 with a different etching time, together with the certified distribution. Similarly to the case of the p-type DIOS spots, the n-type DIOS spots prepared under a short etching time offered a lowered MWD, caused by low mass discrimination. With increasing etching time, the MWDs apparently shift toward the certified distribution, and almost coincide with it when DIOS spots with etching times of 60 and 90 s were used. When a further etched spot (etching time, 150 s) was used, the observed MWD was distant toward a lower molecular weight region. Figure 7 shows the relationship between the signal-to-noise (S/N) ratio of the peak for the most abundant oligomer (PS 21-mer), evaluated from the DIOS mass spectra and the etching time of the n-type DIOS spots prepared under a light illumination intensity of 2.2 mW/cm 2 . Interestingly, the S/N ratio improved with increasing the etching time, and exhibited the highest S/N ratio (ca. 2000) for a spot etched by 90 s, which corresponded to a spot providing an accurate MWD. However, with a further increased etching time, the S/N ratio changed to an adverse value. These results suggest that the S/N ratio of the most abundant oligomer is closely correlated to the accuracy of the observed MWD.
In the case of n-type DIOS spots, the light illumination intensity during the etching ought to strongly affect the performance of the resulting DIOS spots. Figure 8 shows the relationships between the observed Mn values and the etching time of the n-type DIOS spots prepared under illumination at light intensities of 1.0 mW/cm 2 (a), 2.2 mW/cm 2 (b), and 3.5 mW/cm 2 (c), respectively.
Under all light illumination conditions, a similar tendency was observed, where the observed Mn values increased with increased etching time, reached the maximum at an etching time of 90 s, and then decreased. However, in the case of the lowest light illumination intensity at 1.0 mW/cm 2 ( Fig. 8a) , the maximum values of Mn did not reach the certified value. In the case of the light illumination intensity at 2.2 mW/cm 2 (Fig. 8b) , the maximum value of Mn obtained using the spot etched by 90 s exactly coincided with the certified value, as expected from its MWD, as shown in Fig. 7 . In the case of stronger light illumination at 3.5 mW/cm 2 (Fig. 8c) , the Mn values observed using the spot etched by 60 s were in fairly good agreement with the certified value within the error limits. However, the DIOS spots etched for more than 90 s revealed excess values compared to the certified value.
Discussion
The MWD of the PS sample could be accurately observed by DIOS-MS under the optimized etching conditions for both the p-type and n-type DIOS spots. However, the optimal etching conditions to observe accurate MWD were limited in a narrow range. Interestingly, the pore structures of the most suitable In common with both types of DIOS spots, the observed MWDs gradually shifted to a higher mass region with increasing etching time until becoming close to the certified MWD, as shown in Fig. 4 for p-type DIOS spots and Figs. 6 and 8 for the n-type DIOS spots.
This phenomenon is understandable, because a short etching time would be insufficient to establish a suitable pore structure. However, with further increasing the etching time, in most cases the observed MWDs gradually shifted to a lower mass region again. Consequently, to ionize higher mass oligomers, elongation of the etching time of the DIOS spots would not be necessarily important. The excess etching might impair a suitable pore structure, resulting in a lowering of the desorption/ionization efficiency. This speculation could be supported by the fact that the S/N ratio decreased with excess elongation of the etching time.
Although both types of DIOS spots offered accurate MWD, the threshold values of the laser beam intensity required to show effective desorption/ionization were substantially different. The threshold for the suitable p-type DIOS spot was ca. 15 µJ/cm 2 , whereas that for the suitable n-type DIOS spot was ca. 5 µJ/cm 2 . The difference might be influenced by the morphological difference of the DIOS spots. Here, it is worth noting that the threshold for the suitable n-type DIOS spot was almost the same as that for the conventional MALDI-MS with a dithranol matrix. Since the DIOS mass spectra were not interfered with obstructive peaks due to the matrix reagent, the performance of DIOS-MS using the suitable n-type DIOS spot might be superior to that of the conventional MALDI-MS, at least with regard to analyzing the PS sample.
In order to make suitable n-type DIOS spots, adjustments of the light illumination intensity and the etching time would be important parameters, as shown in Fig. 8 . In the case of the ntype DIOS spot etching, the maximum Mn values observed by spots prepared under weak light illumination did not reach the certified value when the etching time was varied (Fig. 8a) , whereas those values observed by the spots prepared under strong light illumination exceeded the certified value (Fig. 8c) . These results suggest that the potential upper limit of the observable mass region would preferentially depend on the light illumination intensity. It is known that the pores of porous silicon are usually composed of a mixture of a wide range of pores from micro (< 2 nm) through meso (2 -50 nm) to macro (> 50 nm) diameters. 19 Indeed, the n-type DIOS spots have the dendritic shape with a wide range of pore size, as shown in Fig.  5 , whereas the p-type DIOS spots have a uniform pore size with a diameter of ca. 15 -20 nm. Therefore, especially for the ntype DIOS spots, the distribution of these pores probably plays an essential role in the effective desorption/ionization to observe accurate MWD. At present, it is difficult to specifically describe what is a suitable pore size distribution, due to their complexity. Therefore, the preparation of suitable DIOS spots should be performed experimentally through trial and error by using a reference materials. Based on our experiments, a tentative guideline for making suitable n-type DIOS spots could be proposed: 1) varying with the etching time under a fixed light illumination intensity, find the etching time showing the best S/N ratio of the peak for the most abundant oligomer, and 2) under the thus adjusted etching time, find the light illumination intensity showing an accurate MWD of a reference material. 
Conclusion
The present study demonstrated that DIOS-MS made it possible to determine the accurate MWD of the PS sample with the certified oligomer composition. By optimizing the etching conditions, both p-type and n-type DIOS spots could give the accurate MWD of the PS sample, without regard to the morphological difference of the porous silicon structure. In the case of the p-type DIOS spot, the etching time would be an important factor for determining the accurate MWD, whereas in the case of n-type DIOS spot, the light illumination intensity would be the preferential factor, rather than the etching time. However, in both proper cases, the best results for the reproducibility and signal-to-noise (S/N) ratio were obtained with the minimum laser power required to generate ions. Notably, the threshold of the laser power for the suitable n-type DIOS spot was almost the same as that for the conventional MALDI-MS. Although the range of the optimal etching conditions was narrow at this state, by proceeding with further investigations into the preparation of suitable DIOS spot, DIOS-MS can be expected to be developed into a useful tool for polymer characterization.
